Mining is a core industry in Sweden and plays an important role in the economic development throughout the country. Though the importance of mining dust has been well recognized, the quantification of dust production with regard to individual source activity has rarely been done in Sweden. Depending on the type of source activity, dust estimation method can be chosen from three alternatives: exposure profiling methods, back calculation method, and wind erosion prediction method. Also included in the paper is an example of experiment, which was executed on two unpaved roads in Lulea, Sweden by using exposure profiling method. The experiment concluded that dust emission due to vehicle transportation is strongly dependent on traveling speed and road bed material.
INTRODUCTION
Mining is a core industry in Sweden and plays an important role in the economic development throughout the country. Determination of dust emission from mining activities can give mine environmental engineers and manager's prior information on the likely impact of air quality. Effective mitigate measures can be devised based upon the dust estimation. Though the importance of mining dust has been well recognized, there are not so many field measurements outside the United States. Real-world measurements are usually very difficult because of different influencing factors. Some research has been done on road dust. Fitz et al. [1] used SCAMPER (System of Continuous Aerosol Monitoring of Particulate Emissions from Roadways) mobile platform to measure PM10 concentration. Kuhns et al. [2] developed TRAKER (Testing Re-entrained Aerosol Kinetic Emissions from Roads) system to measure road dust. In Sweden TRAKER system has been used to study the relationship between dust concentration, vehicle speed, and tyre types, to find hot spots of dust emission, and to exam, the efficiency of dust control [3] [4] [5] . In Malmberget mine and Aitik mine in Northern Sweden, some simple measurements have been done using dust deposition gauges and air quality monitor. These measurements give a general view of dust generation over the entire mining site. However, quantification of total dust from individual source activity is somewhat complicated.
A proper designed dust estimation method for individual mining activity helps to define hot sources and predict the dust generation for planned new mines. Depending on the type of source activity, dust estimation method can be chosen from three alternatives: exposure profiling methods, back calculation method [6] , and wind erosion prediction method [7] . Exposure profiling method is to measure the passage of airborne particulate matter immediately downwind from the source by simultaneous multipoint sampling of particle concentration over the effective cross section of a dust plume. Dust generation can be calculated by integration dust concentration over the cross section of the dust plume. This method can be applied at the source such as haul roads, crushers, stockpiles. For the activities which take place in a big area, and the cross section of the dust plume is difficult to be defined. Back calculation should be possible to estimation dust emission rate from the source. This method measures the downwind dust concentration at a certain point. The emission rate from the source activity is obtained by back calculation using a generalized atmospheric dispersion model. Wind erosion prediction method is applicable for the exposed vacant surfaces with no application of mechanical works, e.g. tailings dams. The prediction system simulates the changes of the soil condition during the process of wind erosion based on the initial condition of soil and weather conditions, and thus estimates the amount of erodible material. The paper also includes an example of experiment, which was executed on two unpaved roads in Lulea, Sweden by using exposure profiling method. The experiment concluded that dust emission due to vehicle transportation is strongly dependent on traveling speed and road bed material. More dust can be emitted with increasing driving speed and silt content in road bed material.
A CASE STUDY-DUST EMISSION FROM UNPAVED ROADS IN LULEÅ, SWEDEN
In this section, an example of dust measurement by using exposure profiling methods is described. The measurements were done using BSNE samplers (Big Spring Number Eight) [8] BSNE sampler has a relative large inlet area of 10 cm 2 , and its efficiency has been tested for various grain sizes [9] [10] [11] .
Materials and Methods
The measurements were carried out on two unpaved roads in Luleå Sweden. The first road is located in Hertsö area in the west along the city center of Lulea (Figure 1) . The road surface is natural soil with some boulders and there are vegetation covers along both sides of the road, which can hinder dust spreading (Figure 2) . The second road is at a construction site located in Björs-by north of the Luleå city center (Figure 1) . The road surface is composed of fine materials, and no vegetation exists at the construction site (Figure 3) .
The car used for dust generation is Ford Mondeo with No samplers needed at the up to wind direction on the road because the wind velocity was insufficient to activate wind erosion of surface material, and the background dust was assumed to be 0. The same setup was used for the other road, but the heights of the samplers were at 0.58 m, 0.83 m, 1.08 m and 1.33 m, and the measurements were only done for the driving speed of 20 km/h. According to the obeservation during the measuremt. The height of the dust plume was always between 1 m to 1.5 m. The weather during the measurement was rather dry and sunny. Besides the BSNE samplers, two weather stations were installed at the height of 1 m and 2 m. The average wind velocity with the height of 1 m and 2 m were 2.40 m/s and 3 m/s which cannot cause wind erosion. The wind direction was mostly from southwest. The measurements were done on the road sections which were perpendicular in the wind direction to ensure the largest amount of dust to be obtained in the samplers. Measurements on the two roads were done on the same day so that the weather factors were almost the same.
The dust in the samplers was collected by a brush with a great care to avoid sample loss. All the samples were weighed in the lab by a balance with the precision of 0.0001 g. The amount of the dust collected was insufficient for size analysis. All particles are assumed to be below 60 µm which corresponds with the maximum size of grain that can be transported in short-trem suspension under average wind speed and turbulence [12] . The samples of surface materials from the two roads were sent to the soil mechanics' laboratory in Luleå University of Technology for moisture content and particle size analysis. Moisture content was measured by oven drying material at 105˚C to constant weight. The difference to the weight before and after the drying process is the amount of the water existed in the sample.
Calculations and Discussions
The amount of dust collected from BSNE samplers at the first road were plotted against the height for four driving speeds (Figure 6) . The results for the second road compared with the first road with the same driving speed of 20 km/h are shown in Figure 7 . All the figures show that the dust mass is highest at the lowest height and decreases with increasing height reaching zero at the top of the dust plume. It is reasonable to assume the zero dust mass to the ground surface level, which means the dust emission increasing sharply to the maximum value at a small height of near the surface. However, it is difficult to pinpoint the height of the maximum dust mass by these tests. It could be only inferred that the maximum point is located between ground level and the height of the lowest measurement. The second road produced much more dust due to different road surface conditions (Figure 7) . It is not easy to use vertical dust profile in Figure 6 to make the interpretation of relationship between dust production and driving speed. To visualize the relationship total dust production should be calculated.
Usually, dust production in a vacant area is calculated by using mass per unit area and the total area. Since a road is a line source, a better option to calculate dust production is to use mass per unit length traveled and the traveling length. The dust emission per unit length is calculated by integrating dust mass along the height of the dust plume. First, the amount of dust collected from different heights must be corrected for the efficiency of BSNE. Here the overall efficiency of 90% is used. The corrected dust mass is then divided by the inlet area of BSNE samplers (2 × 10 cm 2 ) to calculate the dust amount per square meter at the four measuring heights. Integrating the dust amount from the road surface at the top of the dust plume, we get the total dust produced (µg/cm) in every centimeter traveled by the car. The integrations were done with 4th order polynomials, which fitted quite well with vertical dust profiles in Figure 6 . In Figure 8 is plotted the calculated total dust production per centimeter travelled against driving speed for the first road and indicated a proportional relationship. Figure 9 shows a significant difference between the two roads in calculated total dust production per centimeter travelled. Besides the driving speed, the surface condition on the road may also impact on dust production. confirmed this relationship [3, [14] [15] [16] .
The moisture content and the soil texture of the surface material are important factors for road dust generation. Both roads in this study have low content of moisture within the surface material during the measurement ( Table 1) . Silt content as a factor influencing dust generation has been confirmed by several studies [6, 12, 17] , which showed an increased dust level with increasing silt content. To visualize the silt content as an influencing factor, more data points are required. Two data points from [14] were plotted together with the data from this study (Figure 11) . All the data were measured at the same driving speed of 20 km/h. All the data were corrected for the vehicle weight before plotting Figure 11 Soil texture and the moisture content of the surface materials from the two roads are tabulated in Table 1 .
The second road has a higher amount of fine grains with size below 63 µm than that of the first road. Soil texture is the most important soil factor influencing dust production. With finer fraction existing the more dust can be generated. The second road contains a bit more rock content compared with that of the first one. But this could increase the abrasion between the tire and the road surface which results in additional dust production. Both surface samples showed very low moisture content, and no surface crust observed in the sites. Vegetation covers are present along the two sides of the first road, which would reduce dust spreading rather than dust production. The second road has not vegetation protection at all, and the dust could spread to the surrounding areas. The linear dependence of dust emission on vehicle speed seems to be a better fit for the result from the experiment for the first road in a current study than exponential dependence (Figure 10) . The R2 value of linear relationship is 10 percent higher than that of exponential relationship. R2 value is increased by 2 percent when the data was fitted with a power law. Based on R2 value in fig.10 the relationship between dust emission and vehicle speed is best described by a power law for the road in Hertsö area (road 1, R32 = 0.92), though the linear dependence showed just slight lower performance (R12 = 0.9). It should be mentioned, however, that US EPA [13] excluded vehicle speed as a parameter in estimating dust emission factors for unpaved roads but other researchers shows a linear relationship which is in consistence with earlier finding that dust generation increases with silt content. The results from this experiment indicated that there is a strong relationship between vehicle speed and dust emission. This is in agreement with several recent studies. Dust emission has been reported to increase with driving speed exponentially or linearly; however, the power law is the best description in the data from this study. Earlier researchers have reported increased dust emission with increasing silt content, and this is confirmed by this study.
CONCLUSION
Exposure profiling methods, back calculation method, and wind erosion prediction method are three methods used for dust quantification in mining area. The application to the methods depends upon the characteristics of the source activity. The measurement of the dust generation from the two unpaved roads by using exposure profiling methods shows that there is a strong relationship between vehicle speed and dust emission.
